ABSTRACT: Background: Patients with the postural instability and gait difficulty (PIGD) subtype of Parkinson disease (PD) are at a higher risk of dysfunction and are less responsive to dopamine replacement therapy. The PIGD subtype was found to largely associate with white matter lesions, but details of the diffusion changes within these lesions have not been fully investigated. Voxel-based analysis for diffusion tensor imaging data is one of the preferred measures to compare diffusion changes in each voxel in any part of the brain. Methods: PD patients with the PIGD (n = 12) and non-PIGD subtypes (n = 12) were recruited to compare diffusion differences in fractional anisotropy, axial diffusivity, and radial diffusivity with voxel-based analysis. Results: Significantly reduced fractional anisotropy in bilateral superior longitudinal fasciculus, bilateral anterior corona radiata, and the left genu of the corpus callosum were shown in the PIGD subtype compared with the non-PIGD subtype. Increased radial diffusivity in the left superior longitudinal fasciculus was found in the PIGD subtype with no statistical differences in axial diffusivity found. Conclusions: Our study confirms previous findings that white matter abnormalities were greater in the PIGD subtype than in the non-PIGD subtype. Additionally, our findings suggested: (1) compared with the non-PIGD subtype, loss of white matter integrity was greater in the PIGD subtype; (2) bilateral superior longitudinal fasciculus may play a critical role in microstructural white matter abnormalities in the PIGD subtype; and (3) reduced white matter integrity in the PIGD subtype could be mainly attributed to demyelination rather than axonal loss.
Parkinson disease (PD) is the second most common neurodegenerative disease after Alzheimer disease and affects 1% of the population aged older than 65 years worldwide. 1 Based on distinct clinical symptoms, PD patients can be divided into three subtypes: the postural instability and gait difficulty (PIGD) subtype, the tremor-dominant (TD) subtype, and the mixed subtype. 2 Patients with the PIGD subtype present with predominant motor disorders such as falling, freezing of gait (FOG), and postural instability. Although patients with PIGD symptoms account for only 16% of all PD patients, 3, 4 these patients show significantly shorter life expectancy, worse prognosis, a higher risk of dementia and other nonmotor deficits. 5 Furthermore, patients with the PIGD subtype are less responsive to routine dopamine replacement therapy, 6 and surgical stimulation does not alleviate PIGD symptoms in the long term. 7 Although PD has been widely recognized to result from the death of dopamine-generating cells in the substantia nigra, 8 the major symptoms vary from person to person, indicating that PD is not a homogeneous entity 9 and that multiple pathological processes are responsible for these different phenotypes. In recent years, a growing number of studies on the PIGD subtype have suggested that white matter lesions (WMLs), most of which are in periventricular and deep white matter regions of the brain, could be the potential underlying mechanism for the PIGD subtype. [10] [11] [12] [13] Compared with the non-PIGD subtype, the PIGD subtype shows more severe white matter damage on brain imaging 10 ; however, patients with symptoms of tremor, rigidity, or other pure movement instability do not show the same white matter damage. 13 Although these prior findings have suggested white matter damage is more relevant in the PIGD subtype than in the non-PIGD subtype, more research is needed.
Several investigations, many of which employed a visual method to assess the burden of WMLs on T2 fluid-attenuated inversion recovery (FLAIR)-based MRI, [10] [11] [12] have studied the association between either WMLs or white matter hyperintensities and postural deficits and/or gait disturbances in PD. However, there are some disadvantages of this T2-FLAIR-based approach as follows: (1) some subtle white matter changes could be overlooked because of researchers' focus on leukoaraiosis 11 and (2) the ceiling effect is hard to avoid and affects these visually estimated results.
14 Although the T2-FLAIR-based method has benefited clinicians by allowing them to evaluate WMLs, diffusion properties can provide more informative details about WMLs, including which alterations have occurred before WMLs can be observed in T2-FLAIR images. To date, little attention has been paid either to microstructural white matter abnormalities or to forms of white matter degeneration in distinct phenotypes of PD.
Diffusion tensor imaging (DTI) is a noninvasive technique that provides a novel means of studying the microstructural integrity of white matter tracts. 15 With diffusion indices of fractional anisotropy (FA), axial diffusivity (Da), and radial diffusivity (Dr) (calculated as the mean of the secondary and tertiary eigenvalues), 16 the normal-appearing white matter foci can be evaluated and the form and the principal forms accounting for WMLs can be revealed. FA is the most commonly used index to reflect the degree of diffusion anisotropy as well as the integrity or disintegration of white matter tracts. 17 The measure of Da stands for the diffusivity along the principal fiber axis and is more specific to axonal loss 16 ; the measure of Dr represents the freedom of water molecules to travel across the principal axis and reflects damage to surrounding myelin sheaths. 16 Voxel-based analysis (VBA) is one of the most preferred statistical methods to analyze the changes of diffusion measurements in each voxel in any part of the whole brain without a prior hypothesis, and has been used in both normal and diseased brains to compare DTI data in each voxel. 18, 19 In the present study, VBA of DTI data was performed to investigate white matter changes in global diffusion indices between the PIGD and non-PIGD subtypes of PD. We assumed the PIGD subtype had more severe microstructural white matter abnormalities compared with the non-PIGD subtype. Furthermore, by analyzing diffusion behaviors in the two subtypes, a better understanding of mechanisms underlying phenotypic variants and structural alterations in PD can be obtained.
MATERIALS AND METHODS

Patients
All of this study's patients were recruited from the department of neurology at the 2nd Affiliated Hospital of Zhejiang University and diagnosed with PD according to the UK Parkinson's Disease Society Brain Bank criteria for idiopathic PD. 20 Disease severity was evaluated using the Unified Parkinson's Disease Rating Scale and the Hoehn and Yahr scale. The Mini-Mental State Examination was used to screen for cognitive dysfunction and ensure patient compliance with MRI scanning. All recruited patients were eligible for MRI scanning; underwent clinical interviews in person to ensure the absence of any history of brain traumas, psychiatric diseases, or self-reported cardio-cerebral accidents; and were able to complete independent ambulation without walking aids. The disease duration was defined as the period from when the patient could recognize PD symptoms to when he or she participated in the study. According to the ratio of mean tremor score/mean PIGD score, 2 each PD patient was grouped into the PIGD subtype (≤1.0) or the non-PIGD subtype (>1.0 or mean PIGD score = 0). Subscores for rigidity (item 22), bradykinesia (items [23] [24] [25] [26] 31) , tremor (items 16, 20, 21) , and PIGD (items 13-15, 29, 30) in Unified Parkinson's Disease Rating Scale were also collected. In addition, the levodopa equivalent dose was calculated for each patient according to the conversion formula provided by a systematic review. 21 A total of 24 PD patients (female/male = 9/15) were recruited and divided into the PIGD subtype (12 patients, female/male = 4/8) and the non-PIGD subtype (12 patients, female/male = 5/7). Of the 24 patients, 8 were recently diagnosed and had not gone through any treatment, whereas the other 16 patients who had been medically treated and were required to follow a 12-hour withdrawal from medication. All recruited patients provided written informed consent. Approval from the medical ethics committee of the hospital was obtained for this study.
MR Data Acquisition
The DTI scans were performed using a 3.0 T GE Signa EXCITE MR scanner equipped with an eight-channel head coil. Images were acquired in the axial plane. An echo-planar imaging sequence with 15 noncollinear diffusion sensitization gradients (b = 1000 s/mm 2 ) and another nonweighted diffusion image (b0 = 0 s/mm 
Image Preprocessing
The workflow of image preprocessing was as follows: the freshly obtained image data were converted to a three-dimensional NIfTI hdr/img. Using DTIstudio (http://cmrm.med.jhmi.edu/, version 2.4.01), the eddy currents and motion distortions were corrected for each subject via a linear transformation approach in automatic image registration. The diffusion tensors for each voxel were then calculated to yield images for FA, Da (λ || ), and Dr (λ ┴ ).
Image Analysis
Before analyses, all images for FA, Da, and Dr were normalized using the parameters obtained from the normalization of the b = 0 image to an MNI template (McGill University, Montreal, QC, Canada) in SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK) based on the MATLAB R2009b platform (MathWorks Inc, Natick, MA, USA). All images were resampled into a voxel size of 2 × 2 × 2 mm 3 . The normalized images were smoothed with an 8-mm full-width at half-maximum Gaussian kernel to minimize space noise.
VBA for global white matter differences of the two subtypes was performed in SPM8. A white matter mask (voxel size 2 × 2 × 2 mm
3 ) was applied in MNI space from the DPARSF package 22 for statistical analysis. An unpaired two-sample t test was performed using the smoothed images of FA, Da, and Dr. As stated in the Results section, disease duration was different between the two groups, thus it was set as a covariate in the statistical test. Individual voxel and uncorrected significance cutoff were set at p < 0.001, cluster size >10 voxels. We considered cluster sizes larger than 10 voxels and corrected family-wise error (FWE) at p < .05 to be significant after correction for multiple comparisons. The obtained statistical t-maps were overlaid on an MNI template of a T1-weighted image. In addition, we used the Fazekas scale, which is one of the most popular visual rating scales, 23 to rate white matter changes visible on FLAIR-T2W images for each subject (see Supplementary Table 3) .
Demographic variables between the two subtypes were calculated using SPSS software (v.16.0; Chicago, IL. USA). Because of the sample size, the unpaired Student's t test and the Fisher's exact test were chosen, with the statistical threshold at p < 0.05.
RESULTS
Demographic characteristics of the PIGD and non-PIGD subtypes are summarized in Table 1 and Supplementary Tables 1  and 2 . There were no significant differences between the two subtypes in their clinical details except for disease duration and tremor score. White matter changes visible on FLAIR-T2W images did not differ between the two subtypes (Supplementary Table 3 ).
In the chosen test design (p unc < 0.001, cluster size >10 voxels), FA reductions in the PIGD subtype were shown in the areas of bilateral superior longitudinal fasciculus (SLF, p unc-L = 0.000017, 0.000047; p unc-R = 0.000082), bilateral anterior corona radiata (ACR, p unc-L = 0.000655; p unc-R = 0.000144) and the left genu of the corpus callosum (GCC, p unc-L = 0.000311). Using FWE-corrected p < 0.05, there were clusters of significant FA reductions in bilateral superior longitudinal fasciculus (p fwe-L = 0.011, 0.025; p fwe-R = 0.039). There was no any statistical difference in Da between the two subtypes, either corrected or uncorrected. In the analysis of the level of Dr, a slightly higher level of Dr of the left SLF was found in PIGD subtype compared with the non-PIGD subtype (p unc-L = 0.000425) using an uncorrected threshold (p unc < 0.001, cluster size > 10). (Figure 1 ; Tables 2 and 3) 
DISCUSSION
The current study investigated differences in microstructural white matter abnormalities in PIGD and non-PIGD subtypes of PD using a voxel-based analytic approach for DTI data. Measurements of FA, Da, and Dr were used to assess the degree of microstructural white matter abnormalities. As a whole, after controlling disease duration, between-group analyses showed much more severe microstructural white matter impairments in the PIGD subtype compared with the non-PIGD subtype. Significant FA reductions were shown in the bilateral SLF and bilateral ACR areas as well as the left GCC in the PIGD subtype compared with the non-PIGD subtype. Moreover, a marked Dr increase was shown in the left SLF in the PIGD subtype without a difference in Da. Furthermore, our study suggested that the principal cause of these WMLs in the PIGD subtype could be demyelination of sheath surrounding the axon rather than disintegration of the axonal skeleton. Posture and gait are an interconnected issue. There is renewed interest in the effects of PD on the abnormalities of gait and posture. Recent work indicated extensive involvement of extra-nigral structures were also involved in PIGD symptoms of PD-for example, the frontal-parietal lobes, the reticular formation, and some brainstem nuclei such as the mesencephalic locomotor region and in particular, the pedunculopontine nucleus (PPN). [24] [25] [26] PD patients tend to fall, with the underlying reason being that they are less capable of controlling their forward posture in the forward-backward direction than in the left-right direction. 27 Festination and freezing as well as falling when posture changes are thought to be influenced by deficits in vestibular, proprioceptive, and attention functions in PD. [28] [29] [30] [31] The SLF is regarded as the connections between frontal, parietal, temporal, and occipital lobes in human, which can be divided into the SLF I (dorsal), the SLF II (middle), and the SLF III (ventral) and the arcuate fascicle. 32 The projections of the SLF overlap with extensive brain areas. First, these projections are associated with the dorsal and ventral components of the frontoparietal network, which mediates visuospatial processing in both goal-directed and stimulus-driven attention. 33 In addition, the SLF overlaps with the course of the cortico-pontine-cerebellar circuits (part of the extrapyramidal system), from the premotor cortex, precentral gyrus (the motor strip), and postcentral gyrus (the sensory strip) to the cerebellum via the pontine nuclei. The circuits allow the cerebellum to assist cortico-bulbar and cortico-spinal tracts in regulating voluntary movements initiated from the cortices. 34 Therefore, SLF lesions will disrupt information transmitted through cortico-cortical or corico-pontine-cerebellar circuits.
In terms of cortico-cortical circuits, many neuroimaging studies have investigated posture and gait. A functional resting-state study 35 reported that PD patients with gait disturbances had significantly reduced functional connectivity in both "executiveattention" (in the right middle frontal gyrus and in the angular gyrus) and visual (in the right occipito-temporal gyrus) networks. Moreover, the severity of FOG was significantly correlated with decreased connectivity within the two networks. 35 Other evidence 36, 37 suggested that changes in cognition and environment also acted on motor disorders such as FOG, which often arise in gait initiation, turning, walking through narrow corridors, changes in surroundings, and even when the individual is anxious or under pressure. In terms of cortico-pontine-cerebellar circuits, Schweder et al. 38 characterized the PPN connectivity profiles of PD patients with and without FOG as well as healthy controls. 38 They found connectivity between the PPN and the cerebellum in controls and non-FOG PD, whereas FOG patients showed an absence of cerebellar connectivity and increased visibility of the decussation of cortico-pontine fibers in the anterior pons. Their findings stressed the importance of cortico-pontine-cerebellar circuits in the pathophysiology of this gait disorder. 38 A study led by Rosenberg-Katz et al. 25 has shown apparent gray matter atrophy and decreased functional connectivity in motor-related regions in the PIGD subtype in contrast to TD subtype, suggesting gray matter atrophy in cortical and subcortical motor-planning areas may partly account for PIGD symptoms in PD.
The GCC is the anterior segment of the corpus callosum (CC) that receives projection from the prefrontal cortical region 39 and is associated with premotor and cognition functions. In a normal older population, an independent relationship between gait and genual CC abnormalities has been found. 40 Similarly, compared with general PD, the GCC was more affected in progressive supranuclear palsy with significantly reduced FA values, which was one of the most common forms of atypical parkinsonian syndromes. 41 In addition, another DTI study 42 on diffusion alterations in the PIGD subtype showed lower FA values in the genu and the body of the CC compared with controls, providing evidence that abnormalities in the CC are involved in gait disorders. These findings all support the important role of the CC in the pathogenic process of the PIGD subtype.
In addition to the SLF and the GCC, the ACR was another area with decreased FA value in PIGD subtype in our results. The ACR is considered to be an important white matter tract running adjacent to the anterior cingulate cortex, the striatum, and other structures. 43 Projections of the ACR originate from the primary motor areas, the supplementary motor area, and anterior cingulated cortex to the brainstem reticular formation 44 ; thus, motor control would be affected if the ACR were impaired. A lower ACR gray matter volume was observed in the PIGD subtype compared with the TD subtype. 25 In addition, several DTI investigations using FA as a measure found the ACR was specifically related to executive attention. 45, 46 A single-photon emission CT scan study 47 compared cerebral blood flow between patients with either the TD or PIGD subtype and controls and showed hypoperfusion within the anterior cingulate cortex in the PIGD subtype. This result was believed to be from overactivity of the thalamus, which made thalamo-cortical projections fail to communicate with the motor-related cortical areas (i.e. cingulated motor areas). 48 To our knowledge, few studies have investigated Da or Dr in different subtypes of PD. In the present study, we found elevated Dr in the PIGD subtype, whereas the difference in Da did not reach statistical significance. Though demyelination is not a critical pathogenic feature in PD as a whole, 49 the role of demyelination in different PD subtypes is still open to question. Changed Dr with unchanged Da normally suggests a marked loss of myelin. 16, 50 The compactness of the axonal fibers may alter according to alpha-synuclein accumulation and microglia activation, 51 which are related to neuroinflammatory responses in the brain, 52 thereby increasing Dr. 53 In our study, only the left SLF showed increased Dr and reduced FA. In addition, absence of statistical significance shown in the Da did not demonstrate that axons were intact in the two subtypes. The probable explanation is the effect of axonal degeneration had not reached significance, but potential neural mechanisms await further investigation. Overall, the presence of increased Dr in the left SLF combined with reduced FA in the bilateral SLF indicates that demyelination could be a critical reason for the more severe WMLs of the PIGD subtype.
There are limitations of this study. First, the sample size was small and we compared PD subtypes only, without normal controls. Second, disease duration differed between the two subgroups, thereby influencing the comparability of the groups. Last, the effects of nigrostriatal dopaminergic denervation on white matter impairments in PD have not been considered (e.g. substantia nigra, striatal nuclei, levodopa dose equivalency).
CONCLUSIONS
Our study confirms more severe white matter damage in the PIGD subtype compared with the non-PIGD subtype of PD. Furthermore, our findings suggested the following: (1) compared with the non-PIGD subtype, patients with the PIGD subtype had more severe microstructural white matter abnormalities; (2) bilateral superior longitudinal fasciculus may play a critical role in white matter disintegration in the PIGD subtype; and (3) reduced white matter integrity in the PIGD subtype can be mainly attributed to demyelination rather than axonal loss.
